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gastrointestinal tract (Freeman, 2010; Ito et al., 2009; Min et al., 2010;

Valdenaire et al., 1998). GPR37L1 shares >40% amino acid sequence

similarity with its close relative GPR37, which is also expressed in the

CNS. Transcriptome studies suggest that Gpr37l1 is expressed mainly



http://www.ucl.ac.uk/~ucbzwdr/In%20Situ%20Protocol.pdf
http://www.ucl.ac.uk/~ucbzwdr/In%20Situ%20Protocol.pdf


2.8 | Intracellular solutions

Neurons were patch-clamped using 130 mM Cs-gluconate, 4 mM

NaCl, 10 mM HEPES, 0.1 mM CaCl2, 1 mM EGTA, 2 mM MgATP and

0.5 mM Na2GTP (pH 7.1–7.2 adjusted with CsOH, osmolarity �285

mOsm L21). Alexa Fluor-488 (40 lM) was added on the day of the



2.17 | Novel-object recognition

Mice were placed in the arena for 5 min before being familiarized for

10 min with two identical objects. After a 10-min delay, mice were

tested for 10 min by placing them in the arena with one of the original
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To confirm these results, we used Gpr37l1-LacZ heterozygous

mice in which a LacZcassette was inserted into the first exon of the

Gpr37l1 gene (inactivating the protein product). Immunolabelling for

b-galactosidase confirmed that Gpr37l1-LacZ was expressed in

PDGFRA-positive OPs in the cortex (Supporting Information Figure 2a)

but not in CC11 mature OLs, NEUN1 neurons or IBA11 microglia

(Supporting Information Figure 2b–d). In addition, Gpr37l1-LacZwas

expressed in the cerebellum in Bergman glia and in OL-lineage cells

identified by SOX10 immunolabelling (Supporting Information Figure

2e,f).

Expression ofGpr37l1 was developmentally regulated. At postnatal

day 1 (P1),Gpr37l1 mRNA was not detectable in any brain area exam-

ined (Figure 2a–c) but at P8 Gpr37l1 was strongly expressed in both

astrocytes (Figure 2d–f) and OPs (not shown). At P15 (not shown) and

during adulthood, Gpr37l1 expression in astrocytes (Figure 2g–i) and

OPs (not shown) remained at high levels. Thus, GPR37L1 might have a

functional role from the period of synaptogenesis and the onset of

myelination through to adulthood (Figure 2j).

3.2 | Gpr37l1 and Gpr37 are expressed in different
cells

GPR37L1 and its close relative GPR37 share 48% amino acid identity

in human (Valdenaire et al., 1998). ISH forGpr37 mRNA showed that

Gpr37 was expressed in many cells in subcortical structures such as the

hypothalamus and thalamus as well as in the corpus callosum, and in

smaller numbers of cells in the cortex and hippocampus (Figure 3).

Gpr37 was mostly in OLIG21 oligodendrocyte (OL)-lineage cells (Figure

3a–c) but not in PDGFRA1 cells (Figure 3d–f), suggesting that mature

OLs but not OPs expressGpr37. We observed no expression ofGpr37

in GFAP1 astrocytes (not shown). Occasionally,Gpr37 expression was

seen in some NEUN1 neurons but not in IBA11 microglia (not shown).

In contrast to Gpr37, Gpr37l1 is not expressed in CC11 mature OLs,

judging by immunolabelling of Gpr37l1-LacZ heterozygous mice for

b-galactosidase (Figure 3g–i; Supporting Information Figure 2b). Thus,

Gpr37l1 and Gpr37 are expressed in complementary cell types,Gpr37l1

being highly expressed in astrocytes and OPs whereasGpr37 is



between Gpr37l1–/– and Gpr37l11/1 mice in the number of excitatory

synapses identified with PSD95 and vGLUT2 antibodies (PSD95/

vGLUT2 t test, p50.37, Supporting Information Figure 4a–d), or in the

number of inhibitory synapses identified with vGAT antibodies (t test,

p50.48, Supporting Information Figure 4e,f). There was also no differ-

ence in astrocyte morphology (from GFAP staining), the number of

GFAP-expressing astrocytes (p50.65), the area of each astrocyte in

maximum intensity projections (p50.69), or the mean GFAP intensity

(p50.29) (Supporting Information Figure 5a–e).

3.4 | Gpr37l1 KO does not alter the input resistance

of astrocytes or neurons or neuronal excitability

GPR37L1 can protect astrocytes against oxidative stress (Meyer et al.,

2013), and we show below that it also protects neurons in ischemia.

This suggests that the membrane properties or response to glutamate

of neurons and astrocytes might be modulated by GPR37L1.

Hippocampal astrocytes expressing or lacking Gpr37l1 expression,

as defined by fluorescent detection of GFP in Gpr37l1-GFP mice, did

not differ in input resistance (Figure 4a, p50.9) or resting potential

(Figure 4b, p50.9). Similarly, hippocampal astrocytes in Gpr37l11/1

and Gpr37l1–/– mice exhibited no difference in input resistance (Figure

4c, p50.7) or resting potential (Figure 4b, p50.2). CA3 and CA1

pyramidal neurons in Gpr37l11/1 and Gpr37l1–/– slices also had similar

membrane resistance (Figure 4e,g, p50.39 and p50.99, respectively)

and the resting potential of CA3 neurons was also unaffected by

Gpr37l1 knock-out (Figure 4f, p50.93) (resting potentials of CA1 cells

were not measured as they were patch-clamped with a Cs1-containing

internal solution), as was the capacitance of CA1 neurons (Figure 4h,

p50.37).

FIGURE 3 Gpr37l1 and Gpr37





might also alter the extracellular glutamate concentration reached in

ischemia when transporters reverse and release glutamate (Rossi, Osh-

ima, & Attwell, 2000). Such a change of glutamate release should alter

NMDA receptor (NMDAR)-mediated cell death in ischemia (Brassai,

Suvanjeiev, Ban, & Lakatos, 2015; Vornov and Coyle, 1991) and thus

contribute to the neuroprotective effect in ischemia of GPR37L1 and

prosaptide [see below and Morita et al. (2001)].

To test this hypothesis, we first compared the expression levels of

the glutamate transporters, GLT-1 and GLAST, expressed in astrocytes,

using hippocampal extracts from Gpr37l11/1 and Gpr37l1–/– mice.

Quantitative PCR showed that Glast and



3.6 | GPR37L1 signalling decreases neuronal
responses to prolonged NMDA application

Although Gpr37l1 knock-out did not affect the intrinsic excitability of





for the contralateral hemisphere). The cells that increased their expres-

sion of Gpr37l1



adulthood (Figure 2) implying a role, not just in development, but in the



activation of NMDARs (Figure 6). Such prolonged activation will occur

during the prolonged elevation of extracellular glutamate concentration

that occurs in ischemia and GPR37L1 should thus decrease the neuro-

toxic rise of [Ca21]i that occurs in neurons in ischemia. Indeed, expres-

sion of GPR37L1 was neuroprotective during ischemia even in the

absence of added prosaptide (Figure 9)—an effect that presumably

depends on the release of prosaposin that is induced by ischemia (Cos-

tain et al., 2010; Hiraiwa et al., 2003; Yokota et al., 2001). In vivo, up-

regulation of Gpr37l1 in the penumbra of an ischemic lesion (Figure 8)

might promote GRP37L1-mediated neuroprotection. The mechanism

by which GPR37L1 decreases neuronal responses to prolonged activa-

tion of NMDARs is mysterious. Because the GPR37L1 is located in
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